The National Spent Nuclear Fuel Program (NSNFP) at the Idaho National Engineering and Environmental Laboratory (INEEL) prepared four representative Department of Energy (DOE) spent nuclear fuel (SNF) canisters for the purpose of drop testing. The first two canisters represented a modified 24-inch diameter standardized DOE SNF canister and the second two canisters represented the Hanford Multi-Canister Overpack (MCO). The modified canisters and internals were constructed and assembled at the INEEL. The MCO internal weights were fabricated at the INEEL and assembled into two MCOs at Hanford and later shipped to the INEEL for drop test preparation. Drop testing of these four canisters was completed in August 2004 at Sandia National Laboratories. The modified canisters were dropped from 30 feet onto a flat, essentially unyielding surface, with the canisters oriented at 45 degrees and 70 degrees off-vertical at impact. One representative MCO was dropped from 23 feet onto the same flat surface, oriented vertically at impact. The second representative MCO was dropped onto the flat surface from 2 feet oriented at 60 degrees off-vertical. These drop heights and orientations were chosen to meet or exceed the Yucca Mountain repository drop criteria. This paper discusses the comparison of deformations between the actual dropped canisters and those predicted by pre-drop and limited post-drop finite element evaluations performed using ABAQUS/Explicit. Post-drop containment of all four canisters, demonstrated by way of helium leak testing, is also discussed.
INTRODUCTION
The mission of the National Spent Nuclear Fuel Program (NSNFP) is to help Department of Energy (DOE) sites safely dispose of their spent nuclear fuel (SNF) at the nation's repository, currently designated as Yucca Mountain. To achieve this goal, the NSNFP has taken steps to support those sites with existing canister designs [e.g., Hanford's MultiCanister Overpack (MCO)] by helping to gain repository acceptance of those canister designs or to develop a new canister specifically designed for interim storage, transportation to the repository, and for disposal at the repository without having to reopen that canister.
The NSNFP first funded a demonstration drop testing effort for the standardized DOE SNF canister in 1999 [1] . A major goal of that drop testing effort was to demonstrate the robust design of the 18-inch standardized DOE SNF canister and to demonstrate the canister's ability to maintain containment after an accidental drop event. At that time, the 18-inch diameter standardized DOE SNF canister was the only size anticipated to be used by the DOE SNF sites, with the exception of the MCO at Hanford. That drop testing effort helped gain repository acceptance of the standardized DOE SNF canister design.
Since the completion of the 1999 drop testing effort, the repository has altered its surface facility design concept to rely on DOE SNF canisters (both standardized DOE SNF canisters and MCO canisters) to not breach during an accidental drop event. This change places the DOE SNF canisters on the list of components required to perform a safety function at the repository surface facility, where incoming commercial DOE SNF are to be loaded into repository waste packages. This designation places additional significance on drop testing representative examples of all the DOE SNF canisters to determine their ability to withstand a severe accident load and still perform their containment function. In addition, the use of a modified version of the 24-inch standardized DOE SNF canister has been identified. Therefore, during 2004 and 2005, the NSNFP funded a drop testing effort to evaluate the performance of the modified version of the 24-inch standardized DOE SNF canister and the MCO. Figure 1 shows the basic test canister configuration, and Fig. 2 shows the internal components (less rebar). These modified 24-inch test canisters and internals were fabricated at the INEEL. Figure 3 shows the test MCO design and Fig. 4 shows the Mark IV fuel basket. The test MCOs and baskets were assembled at Hanford using the internal weights (22-inch and 2-1/2-inch diameter bars discussed above) that were fabricated at the INEEL.
MODIFIED STANDARDIZED DOE SNF TEST CANISTER DESIGN

DROP TESTING CONDITIONS
The drop testing was performed in August 2004 at Sandia National Laboratory (SNL). The impact surface at SNL was a 2-inch thick steel armor plate grouted and anchor bolted to a heavily reinforced concrete block that weighed about 462,000 pounds. This was more than 25 times heavier than the test canisters and was considered essentially unyielding.
The test canisters were to be dropped from various heights and angles to meet specific project goals. Table 1 shows the test canister identifier. This identifier lists the test canister first (24MOD for the modified 24-inch test canister, MCO for the test MCOs), followed by the intended drop angle from vertical, and ending with a unique numerical identifier (1 or 2). Table 1 also shows the actual loaded weight for a test canister, the drop height, and the desired impact angle. Figure 5 shows the internal loading configuration of test MCO-00-1 and Fig. 6 shows the same for test MCO-60-2. Figures 7 and 8 show the test canisters prior to their being shipped to SNL. Finite element (FE) models of the four test canisters were created using the I-DEAS modeling software [2] . The FE models were then exported to a format compatible for a solution using ABAQUS/Explicit Version 6.3-3 [3] .
The test canisters were modeled using solid linear brick elements (ABAQUS element type C3D8R), wedge elements (ABAQUS element type C3D6), and shell elements (ABAQUS element type S4R). The flat impact surface was represented with a rigid element (ABAQUS type R3D4) fixed in space. About 29,000 elements were employed in representing each modified 24-inch test canisters, and about 36,000 elements represented each test MCOs.
Because of symmetry in modeled geometry, loading, and expected response of these test canisters, one plane of symmetry was employed. Therefore, only half of a test canister was required in the FE models.
Contact between components was simulated using the ABAQUS General Contact option, supplemented by the Contact Pairs option in areas of interest (e.g., impact locations). A coefficient of friction of 0.3 was employed for all contact in the models [4] .
True stress-strain curves were obtained for the containment boundary materials of these test canisters. The stress in each curve was then increased by 20% to account for the dynamic strengthening that was expected during the drop testing. This was consistent with the 1999 testing and analysis program [1] and is further justified by current data being presented at this conference [5] .
Figures 9 and 10 show the FE models for these test canisters.
DROP TEST RESULTS VS. MODEL PREDICTIONS
Deformations
Test 24MOD-45-1: Significant deformations occurred in this test canister due to the 30-foot (45 degrees off-vertical) drop event. Most of the deformations occurred in the skirtedends of this canister -as designed, with minimal containment component (heads, main shell) deformations. Figure 11 shows a side view of the actual deformed bottom of modified 24-inch test canister 24MOD-45-1, and Fig. 12 shows the FE model predicted shape. Figures 13 and 14 show an end view of that same canister bottom. The figures show that the modelpredicted deformations matched closely to those of the actual test canister 24MOD-45-1. Though not shown in this paper, the deformations at the top end also compared well. Typical dimensional comparisons were within 4%.
Test 24MOD-70-2: Significant deformations occurred in this test canister due to the 30-foot (70 degrees off-vertical) drop event. Most of the deformations occurred in the skirtedends of this canister -as designed. However, because the impact angle was closer to horizontal than test canister 24MOD-45-1, this canister experienced some deformations in the containment boundary components. Figure 15 shows a side view of the actual deformed bottom of modified 24-inch test canister 24MOD-70-2, and Fig. 16 shows the FE model predicted shape. Figures 17 and 18 show an end view of that same canister bottom. The figures show that the modelpredicted deformations matched closely to those of the actual test canister 24MOD-70-2. Though not shown in this paper, the deformations at the top end also compared well. Typical dimensional comparisons were within 3%.
Test MCO-00-1: Very small (< ¼-inch) deformations occurred in this test MCO-00-1 due to the 23-foot, vertical drop event. This test MCO remained vertical after the drop test. Figure 19 shows a side view of the actual test MCO deformed bottom and Fig. 20 shows the FE model predicted deformation. Because the deformations were so small, Fig. 19 and Fig. 20 appear to show no deformation to MCO-00-1. Actual and modeled changes in diameters were within 1%.
However, the interesting deformations in this test MCO-00-1 occurred in the bottom internal basket. The drop energy of the internals (baskets and simulated SNF) was almost entirely absorbed by plastic deformation in this bottom basket. Figure 21 shows the deformed bottom basket (without the simulated SNF) after it was removed from the dropped test MCO-00-1. Figure 22 shows the FE-calculated deformations to the bottom basket from a whole model (post-drop model, no plane of symmetry used). Test MCO-60-2: Test MCO-60-2 was dropped from 2 feet onto the rigid surface, impacting at an angle of 60 degrees off-vertical. Because of the low drop height (and resulting low drop energy), the deformations to the test MCO were limited to minor scuffing and flattening in the area of the first impact (on the bottom edge as shown in Fig. 23 ) and the second impact (near the top -not shown herein). The FE model deformations were equally hard to see. Figure 24 shows the pre-drop FE model strain contour (in grayscale) simply to show where the slight deformations occurred. Actual and model changes in diameters were within 1%.
Strains
Surface strains due to the drop event were measured on the actual canisters at a small number of locations only. Those strains agreed with those predicted in the FE models. The following summarizes the pre-drop predicted peak strains in the test canisters.
Test 24MOD-45-1: The pre-drop predicted peak equivalent plastic strains (PEEQ) in the containment components occurred in the head, with a maximum surface strain of 26.4% and a maximum mid-plane strain of 9.3%. The maximum surface PEEQ strain in the skirts, where the bulk of the drop energy was absorbed, was 49.5%. Rupture of the containment boundary was not predicted in this test canister.
Test 24MOD-70-2: The pre-drop predicted PEEQ strains in the containment components occurred in the head, with a maximum surface strain of 51.9% and maximum mid-plane strain of 14.9%. The maximum surface PEEQ strain in the skirts, where a significant portion of the drop energy was absorbed, was 45.5%. Rupture of the containment boundary was not predicted in this test canister.
Test MCO-00-1: The pre-drop predicted PEEQ strains in the containment components occurred in the MCO bottom, with a maximum surface strain of 3.5% and a maximum midplane strain of 2.9%. Rupture of the containment boundary was not predicted in this test MCO.
Test MCO-60-2:
The pre-drop predicted PEEQ strains in the containment components occurred in the MCO bottom, with a maximum surface strain of 20% and a maximum midplane strain of 7%. Rupture of the containment boundary was not predicted in this test MCO.
Leak Tightness
Helium leak testing per ASME Section V requirements (using a Hood Method) demonstrated that test canisters 24MOD-45-1, 24MOD-70-2, and MCO-60-2 had post-drop leak rates that were less than 1x10 -7 std cc/sec, and were, therefore, "leaktight" as defined in ANSI N14.5 [6] . Due to helium leak testing performed by Hanford during test MCO assembly, the helium background in test MCO-00-1 was too high to successfully employ a Hood Method helium leak test. However, test MCO-00-1 was shown (using a Detector Probe Method) to have a leak rate of not greater than 1 x 10 -5 std cc/sec.
CONCLUSIONS
Two test canisters representing the modified 24-inch standardized DOE SNF canister and two test canisters representing the MCO were drop-tested. Post-drop helium leak testing showed that no containment ruptures occurred in the test canisters. FE modeling of the drop events accurately predicted the actual deformation experienced by the test canisters.
